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(57) ABSTRACT

A nitrogen-containing thermoelectric material, which has an
clement composition represented by:

Al,Ga, In,M,R,O,N, (A)

or

AlGa In,M,R,D,N,, (B)

(wherein M represents a transition element; R represents a
rare earth element; D represents at least one element selected
from elements of the Group 1V or II; 0=z=0.7, 0=y=0.7,
0.2=x=1.0, 0=u=0.7, 0=v=0.05, 09=s+t=1.7,
0.4=s=1.2,0=w=0.2 and 0.9=m=1.1; and x+y+z=1), and
has an absolute value of a Seebeck coetlicient of 40 uV/K or
more at a temperature ol 100° C. or more. These thermoelec-
tric materials comprise elements having low toxicity, are
excellent 1n a heat resistance, a chemical resistance and the
like, and have a high thermoelectric transforming efficiency.

8 Claims, 8 Drawing Sheets
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FIG. 2

EDX SPECTRUM OF OXINITRIDE MATERIAL
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THERMOELECTRIC TRANSPORTATION
MATERIAL CONTAINING NITROGEN

This application 1s a Divisional Application of U.S. appli-
cation Ser. No. 10/522,573, filed Jan. 28, 2005, now U.S. Pat.

No. 7,521,629, which 1s a national stage application, filed
under 35 U.S.C. §371, of International Application No. PCT/

JP03/09491 with an international filing date of Jul. 25, 2003
and which claims priority to Japanese Application No. 2002-

219288, filed Jul. 29, 2002 and Japanese Application No.
2002-272054, filed Sep. 18, 2002.

TECHNICAL FIELD

The present invention relates to an oxinitride thermoelec-
tric material or a mitride thermoelectric material, having a
high Seebeck coellicient and a low electrical resistivity.

BACKGROUND ART

At present, most of thermal energy generated 1n dust com-
bustion 1n garbage processing factories, nuclear power gen-
eration, automotive engines and the like 1s discarded 1nto the
air without being transformed into another energy Thermo-
clectric power generation for converting such thermal energy,
wasted 1n the air, directly into electrical energy 1s extremely
clfective means for improving the energy eificiency. The ther-
moelectric conversion method utilizes a Seebeck effect. The
method has advantages of not requiring a space-consuming,
power generating facility, and not involving a gas discharge,
and 1s also advantageous 1n costs since 1t can be operated
semi-perpetually without any particular maintenance, so long
as a temperature difference exists.

Thus the thermoelectric conversion 1s expected as a tech-
nology which will play a role i the resolution of energy
problem, but 1ts commercialization requires a thermoelectric
material of a high thermoelectric conversion efficiency.

A performance of the thermoelectric material 1s defined by
a figure of merit thermoelectric figure of merit defined by the
following equation (1) or by a power factor defined by the
tollowing equation (2):

figsure of merit=[Seebeck coefficient (V/K)]*/([resistiv-

ity (£2m)]-[thermal conductivity(#W/mK)]) Equation (1)

Power factor=[Seebeck coefficient (V/K)]*/[resistivity

(€2m)] Equation (2)

In general, 1n thermoelectric materials, the higher the fig-
ure of merit 1s, the higher the thermoelectric conversion effi-
ciency 1s. The figure of merit has an absolute value of about
10~°/K in ordinary metals and about 107>/K in semiconduc-
tors, and assumes an order of 10™* to 10—°/K in optimized
thermoelectric materials. Similarly, an application to power
generation becomes possible with a power factor 1n the order
of 107 to 10~> W/mK?”. Also, there is required a thermoelec-
tric material excellent 1n heat resistance and chemical resis-
tance 1n order to utilize heat of a high temperature.

Currently, Bi1,Te, or PbTe 1s utilized as the thermoelectric
material, but these materials only have a thermoelectric con-
version elficiency as low as about 5%, and the temperature of
use 1s about 200° C. for the former and about 400° C. for the
latter, thus 1nvolving a limitation that they are not usable to a
heat source of a high temperature. Also, because of a deterio-
ration of the characteristics by oxidation 1n the air, a measure
of sealing with an 1nert gas 1s required. Also, in both materials,
the presence of a toxic element burdensome to the environ-
ment constitutes a serious hurdle to the expansion of appli-
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cation, Therefore, there 1s desired a development of a ther-
moelectric material capable of resolving these drawbacks.

The present mnvention has been made in consideration of
the above situation of the prior technology, That 1s, an object
of the present invention 1s to provide a thermoelectric material
which comprises elements having low toxicity, 1s excellent in
a heat resistance, a chemical resistance and the like and has a
high thermoelectric transforming efficiency.

DISCLOSURE OF THE INVENTION

The present inventors, as a result of various investigations
for solving the above drawbacks of the prior thermoelectric
materials, have found that an oxinitride thermoelectric mate-
rial of a specified composition comprising, as a constituent
element, an element selected from a transition element, a rare
earth element, Al, Ga, In, N and O or a nitride thermoelectric
material of a specified composition including, as a constituent
element, an element selected from a transition element, a rare
carth element, Al, Ga, Inand N has a high Seebeck coetficient
and a low electric resistivity, thus being useful as a thermo-
clectric element, and has made the present invention based on
such findings.

More specifically, a first nitrogen-containing thermoelec-
tric material of the present invention 1s an oxinitride thermo-
clectric material which has an element composition repre-
sented by:

Formula: Al Ga In M, R ON, (A)

(wherein M represents a transition element; R represents a
rare earth element; 0=z=0.7, 0=y=0.7, 02=x=1.0,
O0=u=0.7, 0=v=0.05, 0.9=s+t=1.7, and 0.4=s=1.2; and
x+y+z=1), and has an absolute value of a Seebeck coelficient
of 40 uV/K or more at a temperature of 100° C. or more. The
oxinitride thermoelectric material preferably has an electrical
resistivity of 107> Qcm or less.

In the oxinitride thermoelectric material of the present
invention, i formula (A), the transition element M 1s prefer-
ably at least one selected from N1, Fe, Co and Mn, and the rare
carth element R 1s preferably at least one selected from Gd,
Sc, Sm, Th and Dy. Also, the nitride thermoelectric material
of the present invention preferably comprises at least one
composition which 1s represented by the above formula and
has an amorphous structure.

Also, a second nitrogen-containing thermoelectric mate-
rial of the present invention has an element composition rep-
resented by:

Formula: Al,Ga,In. M, R, D, N,

(B)

(wherein M represents a transition element; R represents a
rare earth element; D represents at least one element selected
from elements of the Group 1V or II; 0=z=0."7, 0=y=0.7,
0.2=x=1.0, 0=u=0.7, 0=v=0.05, O0=w=0.2 and
0.9=m=1.1; and x+y+z=1), and has an absolute value of a
Seebeck coetlicient of 50 uV/K or more (or =50 uV/K or less)
at a temperature of 100° C. or more, and an electrical resis-
tivity of 107> Qcm or less.

The nitride thermoelectric material 1s preferably one
wherein, 1n formula (B), M 1s at least one element selected
from Ni, Fe, Co and Mn; R 1s at least one element selected
from Gd, Sc, Sm and Tbh; or D 1s at least one element selected
from Ge, S1, Mg and Zn.

Furthermore, the nitride thermoelectric material preferably
has an element composition represented by formula (B) and
has a wurtzite crystal structure or an amorphous structure.

BEST MODE FOR CARRYING OUT TH
INVENTION

(L]

In the present invention, the oxinitride thermoelectric
material which 1s the first nitrogen-containing thermoelectric
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material comprises at least a metal selected from Al, Ga and
In, an oxygen atom (O) and a nitrogen atom (N) as essential
components, together with a transition element and a rare
carth element, 1 necessary, and has a composition repre-
sented by the following formula (A):

Al,Ga, In,M,R,ON,

2 R L

(A)

In formula (A), as M, any transition element can be used,
and 1t 1s preferably at least one element selected from Fe, N,
Co and Mn. As R, any rare earth element can be used,
examples iclude Sc, Y, La, Ce, Pr, Nd, Pm, Sm, FEu, Gd, Th,
Dy, Ho, Er, Tm, Yb, Lu and the like, and among these, at least
one selected from Gd, Sc, Sm, Th and Dy 1s preferred.

In the composition ratio in formula (A), a value x indicating,
the proportion of In 1s within a range of 0.2=x=1.0, prefer-
ably 0.3=x=0.8; a value y indicating the proportion of Ga 1s
within a range of 0=y=0.7, preferably 0.1=y=0.3, and a
value z indicating the proportion of Al 1s within a range of
0=z=0.7, preferably 0=z=0.2. It1s, however, necessary that

a requirement of x+y+z=1 1s satisfied.
Also, a value s indicating the proportion O 1s within a range

of 0.4=s=1.2, preferably 0.5=s=1.1, and a value s+t indi-

cating the sum of O and N 1s within a range of 0.9=s+t=1.7.
A value u indicating the proportion of the transition ele-
ment M 1s within a range of 0=u=0.7, and a value v indicat-

ing the proportion of the rare metal element 1s within a range
of 0=v=0.05.

In the characteristics of the oxinitride thermoelectric mate-
rial of the present invention, 1t 1s necessary that the Seebeck
coellicient at 100° C. 1s, 1n an absolute value, 40 uV/K or more
(=40 uV/K or less). Also, 1t preferably has an electrical resis-

tivity of 107> Qcm or less.
The oxinitride thermoelectric material has an amorphous

structure. In order to clarity this point, an X-ray diffraction
pattern of an oxinitride thermoelectric material obtained in
the following Example 1 1s shown in FIG. 1. FIG. 1(a) shows
a pattern for a quartz glass substrate, and FI1G. 1(b) 1s apattern
for a thin film of the oxinitride thermoelectric material pre-
pared thereon. In FIG. 1(5), a peak considered to indicate
crystallization 1s not observed, but a broad curve as 1n the
glass substrate 1s observed, indicating an amorphous struc-
ture. The crystallinity 1s also dependent on a film preparation
method, and 1t 15 clarified that a sample immediately after
preparation with a sputtering method at a relatively low tem-
perature (100° C. or less) assumes an amorphous structure.

Also, FIG. 2 shows an EDX analysis pattern of an AlInON
sample obtained 1n Example 1 to be explained below. The
compositional analysis clarifies that X, In, O and N are prin-
cipal constituent elements.

The oxinitride thermoelectric material having the above
specific composition ratio has a Seebeck coetficient 1n abso-
lute value of 40 uV/K or more (or —40 uV/K or less) at a
temperature of 100° C. or more, and mostly has an electric
resistivity of 107 €cm or less. This oxinitride thermoelectric
material shows an N-type electrical conduction and has a
negative Seebeck coetlicient.

Since the oxinitride thermoelectric material of the present
invention has a high Seebeck coelficient and a low electrical
resistivity at the same time, 1t can exhibit a high thermoelec-
tric transformation efliciency.

Additionally, the oxinitride thermoelectric material 1s
excellent 1n various characteristics such as a heat resistance
and a chemical resistance, and 1s constituted by only elements
having low toxicity, thus having a high practical value as an
thermoelectric material.
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Then, the nitride thermoelectric material which is the sec-
ond nitrogen-containing thermoelectric material of the
present invention has a composition ratio represented by the
following formula (B):

Al,Ga In,M,R,D,N,, (B)

wherein M represents a transition element; R represents a rare
carth element; D represents an element of the Group IV or II;
0=z=0.7, 0=y=0.7, 0.2=x=1.0, 0=u=0.7, 0=v=0.05,
0=w=0.2,and 0.9=m=1.1; and x+y+z=1, and has an abso-
lute value of a Seebeck coetlicient of 50 uV/K or more (or —50
uV/K or less) at a temperature of 100° C. or more, and an
electrical resistivity of 107> Qcm or less,

In formula (B), M represents a transition metal element,
and examples which can be used include at least one element
selected from Fe, N1, Co and Mn. R 1s a rare earth eletent, and
examples which can be used include at least an element
selected from Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu and the like. In the above composition
ratio, a value x indicating the proportion of In 1s within arange
of 0.2=x=1.0, preferably 0.3=x=0.8; and a value y indicat-
ing the proportion of Ga 1s within a range of 0.1=y=0.7,
preferably 0.2=y=0.8.

The mitride thermoelectric material of the present invention
has a wurtzite structure or an amorphous structure. In order to
clanify this point, an X-ray diffraction pattern of a nitride
thermoelectric material obtained in the following Example 26
1s shown 1n FIG. 8. In FIG. 8, a diffraction peak around 32°
corresponds to a wurtzite crystal structure, and other peaks
are diffraction peaks from a substrate. The crystallinity 1s also
dependent on a film preparation method, and 1t 1s clarified that
a sample immediately after preparation with a sputtering
method has an amorphous structure and that a sample after a
heat treatment has a wurtzite structure.

Also, 1n FIG. 9, (a) shows an EDX analysis pattern of an
AllnN sample of Example 1 to be explained below, and (b)
shows an EDX pattern of an AlGalnlN sample. These compo-
sitional analyses clarity that Al, Ga, In etc. are principal
constituent elements. Also, a peak corresponding to nitrogen
can be determined by using a higher sensitive detector 1n a
similar manner.

The nitride thermoelectric material of the present inven-
tion, having the above specific composition ratio, has an
absolute value of a Seebeck coetficient of 50 uV/K or more
(or =50 uV/K orless) at a temperature of 100° C. ormore, and
a n electrical resistivity of 107 Qcm or less, and shows an
N-type electrical conduction and a negative Seebeck coetli-
cient. Since the nitride thermoelectric material has a high
Seebeck coellicient and a low electrical resistivity at the same
time, 1t can exhibit a high thermoelectric conversion effi-
ci1ency.

Additionally, the nitride thermoelectric material 1s excel-
lent 1n various characteristics such as a heat resistance and a
chemical resistance, and comprises elements having low tox-
icity, thus having a high practical value as an thermoelectric
material.

The thermoelectric matenial of the present invention can be
produced by supplying a raw material substance 1n a prede-
termined amount, and I) by executing a sputtering 1n a mixed
gas of argon, nitrogen and oxygen, or II) by supplying a
predetermined raw material in a predetermined amount.

In the case of the oxinitride thermoelectric material, the
raw material substance 1s not particularly limited, so long as
it can form an oxinitride thermoelectric material with a pur-
pose of formation of a thin film, and a single metal, an oxide,
a nitride or the like can be suitably used. For example, the Ga
source mcludes Ga metal, GaN, trimethylgallium ((CH,),
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(Ga), triethylGa, Ga chloride (Ga(l,), Ga,N; and the like, and
the rare earth source includes an oxide (e.g., gadolintum
oxide (Gd,0,)), a mtride (e.g., gadolintum nitride (GdN)),
trimethylGd and the like. Also, a compound containing two or
more of the constituent elements of the oxinitride thermoelec-
tric material can be utilized as a raw matenial.

In the case of the nitride thermoelectric material, the raw
material substance 1s not particularly limited, so long as 1t can
form a nitride thermoelectric material with a purpose of for-
mation of a thin film, and a single metal, a nitride or the like
can be used. For example, the Ga source includes Ga metal,

GaN, trimethylgallium ((CH,),Ga), triethylGa, Ga chloride

(GaCl,), and the like, and the rare earth source includes a
nitride such as gadolintum mitride (GdN) or trimethylgado-
lintum. Also, a compound containing two or more of the
constituent elements of the nitride thermoelectric material
can be utilized as a raw material.

Film preparation means in the present mvention 1s not
particularly limited, and a known thin film forming method
such as a sputtering method, a metal organic chemical vapor
deposition method or a molecular beam epitaxy method can
beutilized, A film forming time and a temperature may be any
conditions capable of forming a thin film of a nitrogen-con-
taining thermoelectric material, and are not particularly lim-
ited, but 1t 1s preferable to form a film for example at about 50
to 100° C. for about 30 minutes to 3 hours. Also, amounts of
oxygen and mitrogen 1n the generated thermoelectric material
can be suitably controlled by a mitrogen gas partial pressure,
a film growth temperature and the like at the film preparation.

Also, since the formation of a thin film 1s not essential for
exhibiting the characteristics, a form of a sample itnot limited
to a thin film, and a bulk member prepared, for example, by a
method of weighing a predetermined amount of a raw mate-
rial powder such as GaN, AIN, InN, Ga,O,, Al,O;, In,O;, or
a single metal element, followed by alloying and sintering at
a high temperature, 1s also effective as an thermoelectric
material.

An example of an thermocelectric element, employing the
nitrogen-contaiming thermoelectric material of the present
invention as an thermoelectric material, 1s schematically
shown 1n FIG. 3. The thermoelectric element has a structure
similar to that of a known thermoelectric element, and, 1n an
thermoelectric element constituted, for example, of a sub-
strate for high temperature 1, a substrate for low temperature
2, a P-type thermoelectric material 3, an N-type thermoelec-
tric material 4, an electrode 5, wirings 6 and the like, the
oxinitride thermoelectric material or the nitride thermoelec-
tric material of the present invention may be utilized as the
N-type thermoelectric element.

EXAMPLES

The present invention 1s described below 1n detail based on
Examples, but the present mvention 1s not limited to these
Examples.

Example 1

Metallic Al as an Al source and metallic In as an In source
were used, and an In metal sheet of a cover rate of 20% was
placed on an Al target ot a diameter of 130 mm and Al In, -
O _N_was prepared by an RF sputtering method with a mixed
gas ol argon/nitrogen gas/oxygen gas (Ar:N:0=5:5:0.1). The
deposition time was 3 hours and the film forming temperature
was 80° C. The obtained oxinitride thermoelectric material
had a composition of Al ;5Ing, -0O0q 40Ng 60-
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A graph showing a temperature dependence of the Seebeck
coellicient of the obtained oxinitride thermoelectric material
at 100 to 700° C. 1s shown 1n F1G. 4. From FI1G. 4, 1t was found
that this oxinitride thermoelectric material had a Seebeck
coellicient of 40 uV/K or more i absolute value within a
temperature range of 100 to 700° C.

Also, a graph showing a temperature dependence, on this
oxinitride thermoelectric material, of electrical resistivity
measured by a DC four-terminal method 1s shown 1n FIG. S.
Based on FIG. 5, the electrical resistivity of the oxinitride
thermoelectric material showed a semiconductor-like behav-
1or of a decrease with an increase 1in temperature, and was as

low as 10~* Qcm or less at 700° C.

Example 2

In the following, there will be shown a case where a num-
ber of constituent elements 1s increased. Ga was further added
to the composition of Example 1, and an oxinitride thermo-
clectric material represented by formula
Aly 5210 -0Gan 5700 40N 60 Was prepared 1n a similar man-
ner as in Example 1.

A graph showing a temperature dependence of the Seebeck
coellicient of the obtained oxinitride thermoelectric material
at 100 to 700° C. 1s shown 1n FIG. 6. From FIG. 6, 1t was found
that this oxinitride thermoelectric material had a Seebeck
coellicient of 50 uV/K or more in absolute value within a
temperature range of 100 to 700° C.

Also, a graph showing a temperature dependence, on this
oxinitride thermoelectric material, of electrical resistivity
measured by a DC four-terminal method 1s shown 1n FIG. 7.
Based on FIG. 7, the electrical resistivity of the oxinitride
thermoelectric material showed a semiconductor-like behav-
1or of a decrease with an increase 1n temperature, and was as

low as 10~ Qcm or less at 700° C.

An 1ncrease 1n the number of the constituent elements of
the thermoelectric material of this type 1s expected to intlu-
ence not only electrical characteristics but also a thermal
conductivity. More specifically, 1n an analogy to a fact that, 1n
comparison with a single element semiconductor such as Si
or Ge, a mixed crystal composition of S1and Ge, for example
S1, <Ge, < shows a thermal conductivity of about 1/20, a com-
plication of the mixed crystal composition also in the present
oxinitride thermoelectric material 1s considered to reduce the
thermal conductivity and to provide an improvement in the
performance. More specifically, in the case where a compli-
cation of the mixed crystal does not change the electrical
performance significantly as in Example 2, the figure of mernit
1s considered to be farther improved.

Examples 3-6

Oxinitride thermoelectric materials represented by for-
mula Al ,,Ga, {<Ing Mg 5504 4sNg << Were prepared in the
same manner as 1n Example 1, except that the transition
clement compound used as the raw material was changed to
compounds shown in Table 1. In the formula, M includes at
least one of transition metals (S1, Fe, Co and Mn).

Results of measurement of the Seebeck coetflficient and the
clectrical resistivity of the obtained oxinmitride thermoelectric
materials are shown 1n Table 1.
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TABL

(L]

1

Formula: Aly 50Gag 1sIng Mo 500 dﬁNn 35

Seebeck Electrical  Measured
Ex. Transition metal M coeflicient  resistivity temperature
No. Kind and raw material (LV/K) (107 Qm) (° C.)
3 NI 110 3.2 600
4 Fe 80 4.1 600
5 Co 70 4.2 600
6 Mn 69 2.5 600

Examples 7-22

Oximitride thermoelectric materials represented by for-
mula Al, ,,Ga, oIn, Ry -004 24-Ng o Were prepared in the
same manner as 1in Example 1, except that the rare earth
clement used as the raw material was changed to elements
shown 1n Table 2. As R, a rare earth element selected from Sc,
Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb and
Lu was used.

Results of measurement of the Seebeck coetficient and the
clectrical resistivity of the obtained oxinitride thermoelectric
materials are shown 1n Table 2.

TABL

(L]

2

Formula: Alg 50Gan 19Inn £ 1R 95600 49NG 4

Seebeck Electrical  Measured
Ex. Transition metal M coeflicient  resistivity temperature
No. Kind and raw material (LV/K) (107 Qm) (° C.)
7 Gd 120 1.2 700
8 Sc 85 2.2 600
9 Y 84 21 600
10 La 80 45 500
11 Ce 75 80 500
12 Pr 77 59 500
13 Nd 53 91 500
14 Sm 91 3.1 700
15 Eu 65 19 500
16 Tb 103 1.1 700
17 Dy 104 1.9 700
18 Ho 71 17 500
19 Er 66 29 500
20 Tm 70 80 600
21 Yb 70 39 500
22 Lu 66 30 500

Samples of these Examples to which these rare earth ele-
ments were added had an N-type conductivity. Among these,
samples utilizing Gd, Sc, Sm and Tbh had a low resistivity and
a high Seebeck coellicient at the same time, and can be
utilized as an thermoelectric material.

Also, 1n these rare earth element-added compositions, for
similar reasons as in Example 2, an effect of mixed crystal
formation 1s expected to provide a reduction 1n the thermal
conductivity, thereby providing an improvement in the figure
of merait.

Examples 23-25 and Comparative Example 1

Oxinmitride thermoelectric materials represented by for-
mula Al, :Ga, ;-In, O N, were prepared 1n the same man-
ner as in Example 1. Results of measurement of the Seebeck
coellicient and the electrical resistivity of the obtained oxini-
tride thermoelectric materials are shown 1n Table 3.
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TABL.

(Ll

3

Formula: Al 12Gag 17Ing (<sON,

Measured
Seebeck Electrical  temper-
EX. Composition coeflicient resistivity ature
No. ratio x, z (LV/K) (10~* Qm) (°C.)
23 s=0.10,t=0.90 89 0.62 700
24 s=0.21,t=0.80 101 0.71 700
25 s =0.40,t=0.55 116 1.52 700
Comp. Ex.1 s=0.80,t=0.21 unmeasurable 10 €m

In a comparison of Examples 23, 24 and 25, an increase 1n
the composition ratio of the oxygen atom (O) tends to
increase the Seebeck coetlicient and the resistivity. This fact
suggests that an increase 1n O decreases an electron concen-
tration Since the N-type conduction 1s considered to result
from a defect generated by the mtroduction of O and N, a
material having optimum characteristics can be obtained by
adjusting the composition s of O.

Also, 1 order to show the efficacy of the oxinitride ther-
moelectric material of the present invention, a sample having,
a composition outside the range defined in the present inven-
tion was prepared and results of similar evaluations are shown
as Comparative Example 1 1n Table 3. The Comparative
Example 1 had a composition of oxygen atom (O) of s=0.8,
and, 1n such case, resistance was about 10 £2m and Seebeck
coellicient was unmeasurable because of noises.

Example 26

Metallic Al as an Al source and metallic In as an In source
were used, and an In metal sheet of a cover rate of 5% was
placed on an Al target of a diameter of 130 mm and AlInN was

prepared by an RF sputtering method with argon:nitrogen
gas=1:1. The film forming time was 3 hours and the film
forming temperature was 80° C. The obtained nitride thermo-
clectric material 1s represented by an element composition of
Alj 50l 5oN.

A graph showing a temperature dependence of the Seebeck
coellicient of the obtained nitride thermoelectric material at
100 to 700° C. 1s shown 1n FIG. 10. From FIG. 10, it was
found that this nitride thermoelectric material had a Seebeck
coellicient of 50 uV/K or more in absolute value within a
temperature range of 100 to 700° C.

Also, a graph showing a temperature dependence, on this
nitride thermoelectric material, of electrical resistivity mea-
sured by a DC four-terminal method 1s shown 1n FIG. 11.
Based on FIG. 11, the electrical resistivity of the nitride
thermoelectric material showed a semiconductor-like behav-
1or of a decrease with an increase 1n temperature, and was as

low as 10~ Qcm at 700° C.

Example 27

In the following, there will be shown a case where a num-
ber of constituent elements 1s increased. Ga was further added
to the composition of Example 26, and a nitride thermoelec-
tric material represented by formula Al, ,.Ga, . In, 30N, 5
was prepared 1n a similar manner as 1n Example 26.

A graph showing a temperature dependence of the Seebeck
coellicient of the obtained nitride thermoelectric material at
100 to 700° C. 1s shown 1n FIG. 12. From FIG. 12, it was
found that this nitride thermoelectric material had a Seebeck
coellicient of 50 uV/K or more in absolute value within a
temperature range of 100 to 700° C.
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Also, a graph showing a temperature dependence, on this
nitride thermoelectric material, of electrical resistivity mea-
sured by a DC four-terminal method 1s shown 1 FIG. 13.
Based on FIG. 13, the electrical resistivity of the nitride
thermoelectric material showed a semiconductor-like behav-
1or of a decrease with an increase 1n temperature, and was as
low as 10~ Qcm at 700° C., as in Example 26.

An imcrease in the number of the constituent elements 1s
expected to influence not only electrical characteristics but
also a thermal conductivity. More specifically, 1n an analogy
to a fact that, 1n comparison with a single element semicon-
ductor such as S1 or Ge, a mixed crystal composition of S1and
Ge, for example, S1, ;Ge, ; shows a thermal conductivity of
about 1/20, a complication of the mixed crystal composition
also 1n the present nitride thermoelectric material 1s consid-
ered to reduce the thermal conductivity and to provide an
improvement 1n the performance. More specifically, in case a
complication of the mixed crystal does not change the elec-
trical performance significantly as 1n Example 27, the figure
of merit 1s considered to be further improved,

Examples 28-31

Nitride thermoelectric matenals represented by formula
Al, ,oGa, o In, 2o M, 5N, , Were prepared 1n the same man-
ner as 1n Example 26, except that the transition element com-
pound used as the raw material was changed to compounds
shown 1n Table 4. In the formula, M includes at least one of
transition metals (N1, Fe, Co and Mn).

Results of measurement of the Seebeck coelficient and the
clectrical resistivity of each of the obtained mitride thermo-
clectric materials are shown 1n Table 4.

TABLE 4

Formula: Al, 50Gags 0 Iy 70MG 50N 4

Seebeck Electrical  Measured
Ex. Transition metal M coeflicient  resistivity temperature
No. Kind and raw material (LV/K) (10~* Qm) (° C.)
28 NI —-100 5.1 600
29 Fe —70 5.5 600
30 Co -75 6 600
31 Mn —80 4.5 600

Examples 32-47

Nitride thermoelectric matenals represented by formula
Al, ,oGa, o In, 5oRy 05N, o were prepared 1n the same man-
ner as in Example 26, except that the rare earth element used
as the raw material was changed to elements shown 1n Table
5. In the formula, R 1s a rare earth element, more specifically
at least one element selected from Sc, Y, La, Ce, Pr, Nd, Pm,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.

Results of measurement of the Seebeck coetlicient and the
clectrical resistivity of the obtained nitride thermoelectric
materials are shown 1n Table 5.

TABL.

(L]

D

Formula: Al -50Gag o110 20Ra 05N 1 o

Seebeck Electrical  Measured
EX. Transition metal R coefficient  resistivity temperature
No. Kind and raw material (LV/K) (107 Qm) (° C.)
32 Gd -110 2.0 700
33 Sc —80 3.5 600
34 Y -83 31 600
35 La -81 50 500
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TABLE 5-continued

Formula: Aly55Gag o;Ing 70R0.05N1 0

Seebeck Electrical  Measured

Ex. Transition metal R coeflicient  resistivity temperature
No. Kind and raw material (LV/K) (107 Qm) (° C.)
36 Ce ~-74 84 500

37 Pr -69 65 500

38 Nd -51 87 500

39 Sm —-88 2.5 700

40 Eu -42 35 500

41 Tb -101 1.6 700

42 Dy -98 3.4 700

43 Ho -64 14 500

44 Er -46 36 500

45 Tm -67 85 600

46 Yb -66 45 500

47 Lu -56 43 500

All the samples of these Examples to which the rare earth
clements were added had an N-type conductivity. Among
these, samples with Gd, Sc, Sm and Th, satisfied a low resis-
tivity and a high Seebeck coelficient at the same time, and can
be utilized as an thermoelectric material. Also, 1in the rare
carth element-added compositions, for similar reasons as 1n
Example 27, an effect of mixed crystal formation 1s expected
to provide a reduction 1n the thermal conductivity, thereby
providing an improvement in the figure of mertit.

Examples 48-51

Nitride thermoelectric materials represented by formula
Al 56Gag 5105 70Dg 1N o were prepared in the same man-
ner as in Example 26, except that the element of the Group IV
or II used as the raw material was replaced by an element
shown 1n Table 6. In the formula, D contains at least one of an

clement of the Group IV (Ge, S1) or an element of the Group
II (Zn, Mg).

Results of measurement of the Seebeck coetflficient and the
clectrical resistivity of the obtained nitride thermoelectric
materials are shown 1n Table 6.

TABL.

L1

6

Formula: Al 56Ga4 oIy 7000 01Ny 4

Seebeck Electrical  Measured
Ex. Element D coeflicient  resistivity temperature
No. Kind and raw material (LV/K) (1074 Qm) (° C.)
48 Ge -96 31 600
49 S1 -85 56 600
50 Mg -47 96 600
51 Zn -51 85 600

Examples 52-54 and Comparative Example 2

Nitride thermoelectric materials represented by formula
Al Ga, ,,In N, , were prepared.

Results of measurement of the Seebeck coetflficient and the
clectrical resistivity of the obtained oxinmitride thermoelectric
materials are shown 1n Table 7.
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TABL.

(L]

7

Formula: Al.Gaq o In.N;

Seebeck  Electrical  Measured
Ex. Composition coeflicient resistivity temperature
No. ratio x, z (LV/K)  (107* Qm) (° C.)
52 x=04,z=0.59 -121 51 700
53 x=0.5,z=049 -96 10 700
54 x=0.7,2z=0.29 —-88% 3.5 700
Comp.Ex.2 x=0,z=0.99 N.A. 1000 700

In a comparison of Examples 52, 53 and 54, an increase in
the composition ratio of In tends to decrease the Seebeck
coellicient and the resistivity. This fact suggests that an
increase 1n In increases an electron concentration. Since the
N-type conduction 1s considered to result from a defect gen-
erated by the itroduction of In, a material having optimum
characteristics can be obtained by regulating the composition
x of In allows to obtain,

Also, 1n order to show the eflicacy of the nitride thermo-
clectric material of the present invention, a sample having a
composition outside the range defined in the present mven-
tion was prepared and results of similar evaluations are shown
as Comparative Example 2. Comparative Example 2 had a
composition of In of x=0, and, 1n this case, the resistance was
about 0.1 £2m and the Seebeck coellicient was unmeasurable
because of noises. The sample of Comparative Example 2 had
a resistivity larger by one digit or more than those of
Examples 52 to 54, and was 1dentified unsuitable for appli-
cation as an thermoelectric material.

Industrial Applicability

The nitrogen-containing thermoelectric material of the
present mvention, though being constituted solely of low-
toxicity elements, has a high Seebeck coelficient and a low
clectrical resistivity, and 1s excellent 1n heat resistance and
chemical stability. For these reasons, 1t can easily applied and

processed as an thermoelectric maternial, and 1s extremely
usetul as an thermoelectric material utilizing a high-tempera-
ture heat source, which cannot be utilized 1n a prior interme-
tallic compound material.

It 1s rendered possible to achieve an effective utilization of
thermal energy which has been discarded in the air, by a
method, for example, of incorporating the nitrogen-contain-
ing thermoelectric material of the present invention into an
thermoelectric transformation system.

BRIEF DESCRIPTION OF THE DRAWINGS

In FIG. 1, (@) 1s an X-ray diffraction pattern of a quartz
glass substrate. (o) 1s an X-ray diffraction pattern of the oxini-
tride thermoelectric material obtained 1 Example 1 on a
quartz glass substrate.

FI1G. 2 1s an EDX analysis pattern of the oxinitride thermo-
clectric material obtained in Example 1.

FIG. 3 1s a schematic view of an example of an thermo-
clectric transformation element utilizing a nitrogen-contain-
ing oxinitride thermoelectric material of the present invention
as an thermoelectric material.

FIG. 4 1s a graph showing a temperature dependence of a
Seebeck coellicient of the oxinitride thermoelectric material
obtained 1n Example 1 at 100 to 700° C.
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FIG. § 1s a graph showing a temperature dependence of an
clectrical resistivity of the oxinitride thermoelectric material
obtained 1n Example 1, measured by a DC four-terminal
method.

FIG. 6 1s a graph showing a temperature dependence of a
Seebeck coellicient of the nitride thermoelectric material
obtained in Example 2 at 100 to 700° C.

FIG. 7 1s a graph showing a temperature dependence of an
clectrical resistivity of the nitride thermoelectric material
obtained 1 Example 2, measured by a DC four-terminal
method.

FIG. 8 1s the X-ray diffraction pattern of a nitride thermo-

clectric material obtained in Example 26.

In FIG. 9, (a) 1s the EDX analysis pattern of an AlInN
sample of Example 26, and (b) 1s an EDX pattern of an
AlGalnN sample.

FIG. 10 1s a graph showing a temperature dependence of a
Seebeck coellicient of the nitride thermoelectric material
obtained 1n Example 26 at 100 to 700° C.

FIG. 11 1s a graph showing a temperature dependence of an
clectrical resistivity of the nitride thermoelectric material
obtained 1n Example 26, measured by a DC four-terminal
method.

FIG. 12 15 a graph showing a temperature dependence of a
Seebeck coellicient of the nitride thermoelectric material
obtained in Example 27 at 100 to 700° C.

FIG. 13 1s a graph showing a temperature dependence of
the electrical resistivity of the nitride thermoelectric material
obtained 1n Example 27, measured by a DC four-terminal
method.

The mvention claimed 1s:

1. A nitnnde thermoelectric material which has an element
composition represented by formula (B):

AlGa JIn,M,R,D,N,,

(B)

wherein M represents a transition element; R represents a
rare earth element; D represents at least one element
selected from elements of Group IV or II; 0=z=0.7,
O=vy=0.7, 0.2=x=1.0, 0=u=0.7, 0=v=0.05,
0=w=0.2,and 0.9=m=1.1;at leastone of u, v, and w 1s
greater than 0; and x+y+z=1, and

has an absolute value of a Seebeck coetficient of 50 uV/k or
more at a temperature of 100° C. or more, and an elec-
trical resistivity of 107> Qm or less.

2. The mitride thermoelectric material according to claim 1,
wherein u 1s greater than O, and the M 1n formula (B) 1s at least
one transition element selected from Ni, Fe, Co and Mn.

3. The nmitride thermocelectric material according to claim 1,
wherein v 1s greater than O, and the R 1n formula (B) 1s at least
one rare earth element selected from Gd, SC, Sm and Tb.

4. The nitride thermocelectric material according to claim 1,
wherein w 1s greater than 0, and the D 1n formula (B) 1s at least
one element selected from Ge, S1, Mg and Zn.

5. The nmitride thermoelectric material according to claim 1,
which comprises at least one having a wurtzite crystal struc-
ture.

6. The mitride thermoelectric matenal according to claim 1,
wherein 0.3=x=0.8.

7. The mitride thermoelectric material according to claim 1,
wherein 0<y=0."/.

8. The nitride thermocelectric material according to claim 1,
wherein 0.2=y=0.7.
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